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ABSTRACT 


The Mie theory of light scattering by spherical particles 
is reviewed. This theory shows that the scattering area coef- 
ficient, the ratio of scattering cross section to the geometric 
cross section, is about 2.0 for particles whose diameter is 
large compared with the wave length of the incident light. The 
scattered light has two components, that intercepted by the 
particle and scattered equally in all directions, and that 
Which is diffracted by the edge of the particle. When the 
particle size is large, the two components are about equal in 
magnitude; however, the diffracted light is contained within 
a very small solid angle ahead of the particle. In order that 
@ given optical system will actually observe a scattering area 
of about 2.0, it is necessary to exclude all of the diffracted 
light from the photocell which records the intensity of the 
transmitted light. 


An avproximate analysis is advanced to predict the percent- 
age of diffracted light which can be segregated from the trans- 
mitted parallel light as a function of the "cone of observation". 
An ovtical system for filtering out most of the diffracted light 
from the parallel light is proposed. The approximate analysis 
of this optical system, coupled with the angular distribution 
pattern of the diffracted light provide the basis for the 
rational design of a forward scattering photometer. 


Exverimental photometric data measuring the diffraction of 
monochromatic light by 26.6 and 30.1 micron glass beads 
Suspended in oil has verified the approximate theories advanced. 
The correlation of the experimental results with the theoretical 
predictions is considered excellent. Initial calibration runs 





were made on a system in which glass beads were carried past 
the photometer by a high speed air stream, however time did 

not permit the successful completion of this calibration. 

It is recommended that a full investigation of the dynamic 
calibration apparatus be launched with the object of completely 
defining the flow conditions. When this is sufficiently 
understood, the photometer should provide quick and convenient 
measurements of droplet size in studies of atomization, 
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temnerature, . 
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wave length of radiation (microns) 
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SECTION I 


Introduction 


In the Aerothermopressor, water is sprayed into a hot, high vel- 
ocity gas stream in an attempt to obtain the stagnation pressure rise 
which the theory predicts. (See Shapiro, et al, (29) for a complete 
discussion of the Aerothermopressor.) Theoretical considerations 
indicate that the most important requirement for effective performance 
of the Aerothermopressor is an atomization system that will produce 
very small water droplets. In attempting to reproduce theoretically 
the complex phenomena which occur within the Aerothermopressor, it has 
become evident that accurate predictions of water droplet size are es- 
sential. 

The present state of knowledge on the mechanism of atomization 
of a liquid sprayed into a high velocity gas stream is severely lim- 
ited by the sparcity of experimental data. In order that precise datz 
may be obtained, it is necessary to have some method of measuring 
droplet size. It is to fill this need that the photometric apparatus 
described herein has been developed. 

At the present time the theoretical calculations for the Aerother- 
mopressor assume an initial drop diameter calculated by the Nukiyama 
and Tanasawa formula (27). No atomization experiments are being con- 
ducted at present because of the lack of suitable drop size measuring 
methods. 

Previous investigations associated with the Aerothermopressor 


development have indicated that only two methods of measuring water 


% 
Numbers in parentheses refer to references listed in Appendix d, 
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aon 
droplet size in a high velocity gas stream are feasible. One method 
employs an impact probe described by Keeler (17). Research is con- 
tinuing at present on this method. The other is the photometric 
method described in this thesis. Previous research on the photomet- 
ric method has been conducted by Cheatham (3) and McGrew (24). Num- 
erous other techniques have been employed by various investigators 
to determine droplet size. Many of these techniques have been in- 
vestigated and evaluated by Kesler (20). In general, however, the 
other techniques are not adaptable to the measurement of droplets 
in a hot, high velocity gas stream. On the other hand, the phdato- 
metric method appears particularly well suited for such measurements 
because the required data can be obtained without disturbing the 
flow pattern; the procedure yields directly the volume-surface mean 
diameter of the droplet spectrum; and the instrumentation can con- 
ceivabiy be arranged to provide continuous recording. Limitations 
of the photometric method, as presented here, are twofold. First, 
the method yields no information on the droplet spectrum, and sec-= 
ond, the measurements are valid only over the size range of about 5 
to 50 microns diameter. 

The principle of the photometric method is based on the pheno- 
menon of the scattering of light by spherical particles which was 
developed by G. Mie early in the Twentieth century. This theory is 
based on the exact solutions of Maxwell's equations for a particle 
of any material and size. A complete treatment of the theory is 
presented in a compact form by Stratton (34). The important results 


of the theory are presented and explained by Sinclair (7,30,32). 





aC 
Considerable interest has been displayed in the Mie theory in 
the past twenty years. Many theoretical, experimental and numeri- 
cal papers have appeared in the literature during this time. Fur- 
thermore, the theory has been verified by extensive experimental 
work. (21) 

The Mie theory gives the scattering cross section of a sphere 
of any size (the total light energy scattered per second per unit 
intensity of illumination) in the form 

oo 
~~ 2 (2n +1) (Jarl + }Pn}) (1) 
eI ey 
where Jan] and | Py | are complex functions of the parameter 
oc = 2x and the index of refraction, m, of the sphere rel- 
ative to the surrounding medium. For a droplet, the scattering area 
coefficient, K, » has,been defined as the ratio of the scattering 


cross section to the geometric cross section, thus 


© 5 (2) 


The form of equation (1) is an infinite series of terms in 
half-order cylindrical functions. As the value of the parameter x 
increases, the series converges more and more slowly. The efforts 
of numerous investigators to calculate S forms an interesting part 
of the history of light scattering investigations. Still other 
investigators derived approximate equations for S, and Jobst (14) 
derived an asymptotic expression for S when ec becomes large. (The 
interested reader is referred to references 8, 9, 11, 12, 14, 15, 
18, 19, 32 and 36 for further information on numerical and experi- 


mental methods employed to determine S and Ko .) 





po 
The numerical problems associated with the Mie equations have 


been lessened a considerable amount by the recent publication of 
Tables of Light Scattering Functions for Spherical Particles by Gum- 
sprecht and Sliepcevich (6). These tables are based on the solutions 
of the Mie equations, computations having been made on a high-speed 
electronic computer. The scattering area coefficient has been come 
puted for various values of the index of refraction ranging from 1.20 
to 1.60. Values of K, for ranging from 1 to 400 are given. These 
tables greatly extended the range for which the value of Kk. was 
known as a function of O&. Figure I is a plot of K. versus a for 
m- 1.33 (the index of refraction of water droplets relative to air). 
For values of & greater than 25, the curve is approximated from the 
data given in the tables. For & less than 25, the data is taken 
from Houghton (12), which was more extensive in this region than the 
data in the tables, 

Johnson (16) has shown that K, is relatively insensitive to the 
index of absorption when c¢< is greater than about 40; hence, Figure 
iL represents K, versus co for absorbing as well as transparent par- 
ticles when @ is large. 

Figure I also shows that the value of K. is about 2.0 when 
is greater than about 50. From the definition of scattering area 
coefficient, equation (2), it is seen that this means the scattering 
cross section is about twice the geometric cross section of the pare 
ticle as c&K becomes large. The tables of light scattering functions 
Show this holds for any of the values of the index of refraction 


which were calculated. The physical concept of why the scattering 
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cross section should be about twice the geometric cross section for 
large values of & has been given by Sinclair (32). 

The light rays directly intercepted by the geometric cross- 
section of the particle are reflected and refracted through large 
angles. Moreover, an equal amount of light is diffracted by the edge 
of the sphere , according to Babinet's principle, which states that 
diffraction from a circular aperture shows the same diffraction pat- 
tern as that from an opaque disc or sphere of the same diameter (16). 
Thus, the scattering cross-section is equal to twice the geometric 
cross-section. If this line of reasoning were strictly true, ‘ 
would be exactly equal to 2.0. However, the values of K. given by 
Gumprecht show this is true only for large values of & , and then 
only approximately so. In atomization studies it is anticipated 
that droplet sizes will range from 5 to 50 microns, which, for blue 
light (A = .4M ),corresponds to values of & from 40 to 400. These 
o's are reasonably well within the range where K, is approximately 
2. 

When the value of ce is large, almost all of the diffracted 
light is contained within a very small solid angle ahead of the par- 
ticle. It is, therefore, a difficult problem to observe experimen- 
tally a value of K. near the actual value when the particles are 
large compared with the wave length because of the difficulty of 
separating the diffracted light from the transmitted parallel beam. 
The experimental research of Cheatham (3) was devoted primarily to 
this problem. He showed that it was indeed possible to have an opti- 


cel system arranged which would separate nearly all of the diffracted 





are 
light from the transmitted beam, thus enabling one to observe a value 
of B which was about equal to its actual value. 

In extending the research of Cheatham, it was felt desirable 
to develop a theory which would permit analysis of a forward-scat- 
tering photometer. The theory, analysis, design, calibration and 
evaluation of the forward-scattering photometer devised is described 


in the remaining sections of this thesis. 
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SECTION II 


Theoretical Considerations for Design of a Photometer 


The Mie theory of light scattering by spherical particles has 
been used in the development of several different types of photo- 
meters to measure particle size and/ or concentration in an aero- 
sol. Each type is generally based on the measurement of one or 
more of the light scattering functions which vary with particle size. 
The methods have been successful for aerosols composed of unifurm- 
sized particles when the particle diameter is not much greater than 
the wave length of the light employed. (See references 4, 7, 21, 
23, 26, 30, 31). However, for aerosols composed of non-uniform 
sized particles the measurement methods have not met with much suc- 
cess. The ultimate hope of investigators is to develop a method 
which will yield the distribution curve for the aerosol particles. 
Sinclair (31) does not believe that this will be achieved; however, 
a method has been investigated with apparent success by the Meteor- 
ology Department of the Massachusetts Institute of Technology to 
determine droplet size distribution and water content of clouds 
(15, 18, 19). The method investigated here is somewhat less am- 
bitious, since its purpose is to yield the volume-surface mean ra- 
dius of the droplets atomized by a high speed air stream. In con- 
trast to the photometers previously developed, the present instru- 
ment should be able to determine the mean size of water dropiets 
in a non-uniform aerosol, where the droplet diameter is considera- 


bly greater than the wave length of the light. The method is based 


—§ © } ed G8 . 
—_ ©€& «© «4 aaa! 


—- 


—_——_ @€©@ 22 eee? = 





-9- 
on measuring the total scattering produced by the droplets; the 
instrument developed shall be referred to as a forward scattering 
photometer. 

The particular problems associated with employing light scat- 
tering techniques to determine droplet size are best summarized by 
Sinclair (31) as follows 

"(a) Each particle size makes its own contribution to 

the scattered light which cannot be distinguished from the others; 

(b) These contributions are usually not unique since 
most light-scattering functions are multivalued; and 

(c) Many observations do not distinguish between parti- 
cle concentration and particle size." 
=e these three problems it is necessary. to add 4 fourth, viz., fer 
large particles that portion of the scattered light which is diff 
racted by the edge of the particle is contained within a very small 
solid angle forward of the particle. The problem is primarily one 
of distinguishing this diffracted light from the parallel trans- 
mitted beam. 

The method of measurement of droplet size analyzed im this 
thesis is based on the decrease of intensity of a parallel light 
beam as it passes through an aerosol. If the equipment used to 
measure this decrease of intensity is properly arranged to exclude 
all of the scattered light, the measurement made will be that of 
the total scattering of all the particles of the aerosol included 
within the light beam. The basic equation which relates the trans- 


mission of light to the Mie theory is given in Appendix A. From 





- 1@- 
that equation, the following form of the transmission equation has 


been derived: 


5 ur lL Kso 
as 7 TFS Ee (3) 
= 4 VP ln = 


volume-surface mean radius of the particles 


where as 

~ = weight of particles included in a volume V of the 

medium 

FP = density of the particles 
y = ratio of incident to emergent flux density of the 
transmitted beam 

Ksg = actual scattering area coefficient observed by the 

equipment 
Two restrictions were applied in the derivation of equation 
(3), (a) the concentration must be small enough that the scatter- 
ing is incoherent, and (b) each particle or droplet must have about 
the same value of Kao. The quantitative limit of concentration is 
unknown at present, particularly for large particles. The restri- 
ction that each particle have about the same value of = requires 
in effect, that each particle have about the same value of K,, 
and, in addition, that the photometric equipment be so arranged 
that about the same percentage of the diffracted flux is excluded 
from the measurement of the emergent flux density of the trans- 
mitted beam. 
The requirement that each particle have about the same K, 

is easily satisfied for aerosols of large particles. The anti- 


cipated droplet distribution for air atomization is from 5 to 
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50 microns diameter. If blue light (A = 0.4 microns) is used, 


the range of & equal to age is from 40 to 400. From the 





curve of Kg versus o& for water droplets (Figure I), it is seen 

that K, varies from 1.98 to 2.3, but the variation is much less 

over a major portion of the range. An average value for Ke from 
=10 to «% = 400 is about 2.06. Therefore, for the case of water 

droplets atomized by a high velocity gas stream, the value of K, 

may be assumed to be the same for each droplet, and equal to 2.0 

or a few percent greater than 2.0. 

The requirement that the photoelectric tube measuring’ inten- 
sity observe the same K 50 for each particle requires an analysis 
of the angular distribution of scattered light and the optical 
system employed with the photometer. The light which is inter- 
cepted by the geometric cross section of a particle is scattered 
by reflection and refraction equally in all directions. It may 
therefore be assumed that practically all of this light is sepa- 
rated from the transmitted beam. The second component of the 
scattered light is that which is diffracted by the edge of the 
particle. For large particles practically all of this diffracted 
light is contained within a very small solid angle ahead of the 
particle, and is not separated from the transmitted beam until 
sufficient distance away from the aerosol. Previous investiga- 
tors (3, 32) have observed this distance to be of the order of 
18 feet for various optical systems with both uniform-sized par- 
ticles (15 microns diameter) and non-uniform sized particles (25 


and 34 micron volume-surface mean diameters). 
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A desire to effectively reduce this distance, and thus reduce the 
dimensions of the forward-scattering photometer, motivated the 
analytical studies of the diffraction pattern and optical system 
which are presented in this thesis. 

The amount of diffracted light energy reaching the phototube 
depends upon two factors, (a) the solid angle originating from the 
particle included by the aperture, and (b) the amount of diffracted 
energy contained within this solid angle. An analysis has been 
made in Appendix C of the proposed optical system to determine the 
relationship between this solid angle, or "cone of observation", 
and the geometrical and optical constants of the system. The re- 


sults of this snalysis show that the "cone of observation", repre- 


sented by the plane angle WY _ , is given by 


ae 
(4) 
Where r = radius of the aperture in front of the photocell 


tis 


i 


focal length of the collecting lens. 

Equation (4) showns it is possible to duplicate the long distance 
required to accomplish separation of the diffracted light by 
making the ratio of r/f as small as possible. 

In order to predict the amount of diffracted energy which will 
be included within this ‘cone of observation", it is necessary to 
know the angular intensity distribution of the scattered light. 
The angular intensity distribution of the scattered light can be 
determined from the Mie theory. Angular distribution curves can 


be calculated using the intensity functions given in the tables 
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of "Light Scattering Functions for Spherical Particles". (6) Such 
curves have been calculated by Gumprecht, et al, (5) for a few 
values of &« up to & equal to 40. At the higher values of oO 
the calculations become more and more tedious as more terms are 
required for convergence. Since the distribution pattern would 
differ for each size particle, it would be necessary to calculate 
several such distribution curves to properly analyze the problem. 
Since time would not permit the calculations necessary to determine 
the angular distribution curves for several sizes of large parti- 
cles, it was decided to make an approximate analysis such as sug- 
gested by Houghton (12). The approximate analysis consists of 
finding the angular distribution pattern of light diffracted by a 
small aperture, which is, according to Babinet's principle, the 
same as the distribution pattern of light diffracted by an opaque 
disc of the same radius. The equation giving the intensity of dif- 
fracted light, for a circular aperture, at any angle of observation 
is derived by Humphreys (13) and Johnson (16). The analysis is 
carried further in Appendix B of this thesis to determine the dif- 
fracted energy included within a solid angle originating at the 
particle. The results of this analysis are presented in Figure II 
which is a plot of the percent of diffracted energy excluded from 
a solid angle, represented by the plane angle @ . versus the par- 
ameter es = Tasin¢ , which represents the "cone of observation" 
for given particle size and wavelength. 

The analysis of the optical system and the diffracted flux 


may be linked together to predict the value of Kg, which a given 
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photometer will observe. When the optical system is adjusted so 
that all of the diffracted light is excluded, the value of Kyo will 
be about 2.0. (It has been assumed that all of the intercepted 
light is excluded.) If the optical system is arranged so that only 
50% of the diffracted light is excluded, the value of Ks, is about 
1.5 (1.0 for the intercepted light plus .5 for diffracted light.) 
However, when the particles are not all of the same size, the per- 
cent of diffracted flux excluded will differ for each size. Since 
it is desired to have the same value of Keo for each particle it 
is necessary to make ® as small as possible and exclude nearly 
all of the diffracted flux (K,, = 2.0), or to make © so large 
that none of the diffracted flux is excluded (Kz, =1.0). It was 
decided to base the design of the forward scattering photometer 
on the first of these choices, and the design was based on obtain-e 
ing Kgo as near 2.0 as practicable 

To check the adequacy of the combined diffraction flux-opti- 
cal system analyses made herein, the data of Cheatham (3) was an- 
alyzed. His experiments on light scattering by glass beads were 
made with various et apertures in front of the photo- 
cell while varying distance from sample to photocell. The large 
number of variables thus provided an excellent means to compare 
predicted values of Kg, with the actual values observed by onesie. 
ham. This analysis is made in Appendix D and typical results are 
indicated in Figures IX and X . The agreement between predic- 
ted and observed values was considered good and sufficient confi-e 
dence was gained in the approximate theory to proceed with the 


design of the experimental forward scattering photometer. 
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SECTION IIL 


Description of Experimental Apparatus 


The photometer described in this section serves a twofold 
purpose. First, the various components were assembled on an 
optical bench in the darkroom for calibration runs, using glass 
beads suspended in oil. This arrangement permitted a maximum 
amount of flexibility in the arrangement of the various lenses 
and apertures making up the optical system. The experience gained 
during the calibration runs and the interpretation of the results 
obtained has yielded sufficient information for the design of an 
actual laboratory instrument for droplet size measurement. This 
instrument employs many of the same components used for the static 
calibration runs. A schematic diagram of the calibration appara- 
tus is contained in Figure III. The instrument designed for atome-e 
ization studies is shown in Figures IV and V 4 

Calibration Apparatus 

As indicated by the optical system analysis, the crucial 
parameter involved in the design is the ratio of aperture size 
to collecting lens focal length. A 50 cm focal length collecting 
lens was selected, as this would permit the use of a reasonable 
aperture size and still give filtering characteristics as good as 
those obtained by Cheatham and Sinclair in going to 18 foot dis- 
tances. It was felt that a longer focal length lens would re- 
sult in too bulky an instrument. To permit variation of the r/f 


ratio, various apertures were provided, ranging in size from .0200 
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inches in diameter to .422 inches. Six of these apertures were 
made by drilling holes in a 16 gauge aluminum plate, which was 
held in position approximately 6 inches from the photocell by a 
bench clamp. The remainder of the apertures could be attached 
directly to the face of the photocell probe, approximately 1/2 
inch from the photosensitive unit. 

When the r/f ratio is not controlling, the ratio of para- 
liel light beam diameter to distance becomes important. To per- 
mit variation of this ratio, two iris diaphrams provided control 
of light beam diameter. For additional variation, the sample cell 
was located on a holder which could slide approximately 2 feet 
along the optical bench between the iris diaphrams. This holder 
contained guides so the sample cell could be exactly weposititaeal 
once removed from the holder. 

The light source was a standard hand lantern bulb, powered 
by a high capacity 6 volt dry cell. Control of the light source 
intensity was provided by a variable rheostat. It was found that 
by reducing the current to the light source to about 140 milliamps, 
satisfactory consistency of intensity could be obtained. A blue 
filter was placed in the system to provide monochromatic light. 
The spectral characteristics of this filter peaked at .410 microns, 
with a band width of .03 to .04 microns. A 6 inch focal length 
lens was located with the light source filament at its focal point 
to provide a nearly parallel light beam for the diffraction ex- 


periments. 
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The light intensity was measured by a commerical densito- 
meter, the Densichron, manufactured by the W.M. Welch Manufac- 
turing Co. This instrument consists of a photocell probe unit, 
an amplifier and a meter. The meter is a D'Arsonval type milli- 
ammeter with shaded pole pieces. The calibration is such that 
the scale reading equals the log of the reciprocal of the current, 
which in turn is directly proportional to the light intensity im- 
pinging on the photosensitive unit. This density reading will 
be referred to as D in this thesis. Thus, D = logio 1/8. The 
photocell employed in the probe has S-4 spectral characteristics, 
peaking at .400 microns wavelength. The sensitivity of the Den- 
sichron made it a highly satisfactory instrument for light inten- 
sity measurements. A linearity check, described in Appendix E, 
showed that this characteristic was excellent. 

For the experimental runs comprising phase I, the photocell 
probe was mounted on an optical bench clamp, and was provided with 
a 1/2 inch aperture adjacent to the photosensitive unit. In phase 
II, this 1/2 inch aperture was replaced by the various apertures 
listed for each particular run. 

The sample cell consisted of two plane glass faces, with 
sides of plexiglass. The inner distance between the glass faces, 
and therefore the light path length in the aerosol, was measured 
with a standard inside micrometer and found to be .995 inches. 

The entire system, from light source to photocell probe, 
was mounted on a double rod optical bench. This permitted the 


desired flexibility in variation of the experimental parameters. 
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Alignment consisted of : 

(1) Adjusting the light source lens so that a parallel beam 
of light was attained. 

(2) Adjusting the filter, diaphrams, and collecting lens 
so that they were centered in this parallel beam. 

(3) Locating the aperture so that it was centered at the 
focal point of the collecting lens. 

(4) Adjusting the photocell probe so that the diverging 
light rays passing through the aperture were just 
captured by the 1/2 inch aperture on the probe. In 
phase II, this was not necessary, as the aperture was 
located directly on the probe. 

For phase II of the experimental program, the smaller aper- 
tures were directly attached to screw fittings, which could be 
attached to the photocell housing. A piece of frosted plastic 
was placed just inside the housing, between the aperture and the 
photosensitive unit,to disperse the concentrated light rays over 
the element. It was felt that this precaution would avoid super- 
saturating any one point on the cathode of the photoelectric cell. 


Atomization Photometer 


The instrument to be used in atomization studies is shown 
schematically in Figure IV. Figure V is a photograph of the in- 
strument with the sides of the light tight casing open to show 
the components. The overall length of the photometer is approxi- 


mately five feet. 
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As a result of the experience gained during the stationary 
calibration runs, it was decided to incorporate the 50 cm focal 
length collecting lens and the .0625 inch diameter aperture in 
the final atomization photometer. This aperture is attached di- 
rectly to the photocell probe face. A piece of frosted plastic 
is located between the aperture and the photocell itself. For 
a full discussion of the factors underlying this choice of com-~ 
ponents, see Section VI, Discussion of Results. The other com- 
ponents, such as the light source, filter, light source Iens, 
iris diaphrams, power supply, and Densichron, used in the stat- 
fonary calibration apparatus are incorporated unchanged in the 
atomization photometer. 

Due to the sensitivity of the Densichron, and in order to pre- 
clude extraneous results due to light from the room, the entire 
optical system is enclosed in a light tight casing. This casing 
can be attached directly to the test section and sealed, thereby 
excluding all room light. The interior of the casing is painted 
a dull black to eliminate secondary reflection of the scattered 


light. The power supply and Densichron are separate units. 
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SECTION IV 


Experimental Procedure 


General 


The majority of the experimental work involved in this thesis 
was aimed towards verifying the approximate theories advanced as 
a basis for a rational design of a photometer. By working with 
glass bead, whose size could be determined by other procedures, 
an experimentally observed scattering area coefficient, Keo? could 
be compared with the predicted value. The various significant 
parameters were systematically varied to determine their effect. 
Initial calibration runs were made with the beads suspended in 
oil. A final series of runs was made on a dynamic calibration 
apparatus, in which the beads were carried past the photometer by 
a high velocity air stream. This apparatus closely approximates 
the conditions under which droplet sizes will be measured in an 
air atomization study. 

Stationary Calibration 

A description of the experimental apparatus is given in 
section III. Two different sizes of glass beads were used for 
the calibration runs, 26.6 and 30.1 microns volume-surface mean 
diameters. A description of these beads and the method of size 
determination is given in Appendix F. The glass beads were sus- 
pended in Dow-Corning 550 silicone oil for the diffraction meas- 


urements. Due to the sensitivity of the Densichron, all of the 





~@5 = 
stationary calibration runs were carried out in a darkroom. 

The experimental apparatus permitted the variation of the 
following parameters: 

(1) Aperture size, er 

(2) Iris diaphram setting, 2R 

(3) Collecting lens focal length, f 

(4) Distance of sample cell from the collecting lens, f+e 
(5) Concentration of beads in the mixture 

(6) Size of the beads 

The analysis of the optical system permitted the reduction 
of these 6 variables to the following four: 

(1) Ratio of aperture size to lens focal length, r/f 
(2) Ratio of iris diaphram setting to distance, R/f+ec 
(3) Concentration of beads 

(4) Size of beads 

The bead size was chosen with the estimated size of the 
droplets to be investigated in atomization studies in mind. 
Calculations of the predicted actual K, from the Mie theory 
approximation, as out lined in Appendix B, show that for both of 
the bead sizes considered, K, should be within 3% of a value of 
20. 

The analysis of the optical system contained in Appendix C 
indicated that it would be desirable to use a small ratio of 
aperture size to focal length so that the observed value of Keo 
could approach 2 as closely as possible. However, the gain to 


be realized by using expremely small apertures rapidly diminishes. 
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For example, the predicted K,, values for the 26.6 micron beads 
and a 50 cm focal length collecting lens for various aperture 


sizes is as follows: 





Aperture Diameter K 50 
aes «moh 
.0625 L.975 
~O400 1.99 


The experimental program was divided into two major parts. 
In the first phase, the distance from the aperture to the 
photocell was of the order of 6 inches. Distance,r/f, bead size 
and concentration were varied. Analysis of the data for this 
phase indicated that, although consistent results had been ob- 
tained, there existed a systematic deviation of K,, from that 
predicted by theory. It was believed that diffraction effects 
around the aperture itself were responsible for the poor agree- 
ment with the approximate theory. For a complete discussion of 
these results, see Section V. 

In order to eliminate the aperture diffraction effects, the 
aperture was placed on the face of the photosensitive unit, and 
the general procedure of phase I repeated. This series of ex- 
perimental runs will be identified as phase II. 

The actual experimental procedure can be best illustrated 
by the description of a typical experimental run. The optical 
system was first aligned so that the light source image was 
either centered on the aperture, or swallowed by it as the case 
may be. A zero reading was then taken, designated by Doo, in 


which the sample cell was not in place. The purpose of this 
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reading is merely to properly zero both the light source inten- 
sity and Densichron volume control. Next, the sample cell faces 
were carefully cleaned and the sample cell filled with clean oil. 
D, readings were then taken at various distances, care being 
taken that the sample cell was positioned exactly against the 
guides on the holder. These Dy readings were taken at least 2 

or 3 times to insure that the positioning of the sample cell 
could be duplicated. The iris diaphram opening was then adjusted 


to a new position and new as and Do readings were taken. 


fo) 
Once consistent D, readings had been obtained, the oil was 


emptied from the sample cell into a graduate. This graduate 
was then weighed and the oil poured into a flask. The empty 
graduate was then weighed and the weight of oil computed. Next, 
the weight of beads was determined using a chemical balance. 
The beads were poured into the oil and the mixture stirred care- 
fully for 15 to 20 minutes. It was found that extreme care must 
be exercised while stirring in order to prevent air bubbles be- 
coming entrapped in the mixture, and at the same time to produce 
2 umiform distribution of the beads in the mixture. 

The mixture was poured into the sample cell and the few 
air bubbles which inevitabily became entrapped during the pour- 
ing were allowed to rise. This took from 5 to 10 minutes. 
Since some of the beads had also settled during this time, it 
was then necessary to stir the mixture gently to redistribute 


the beads. The final portion of this mixing period was carried 





sep 
out with sample cell in position on the optical bench with den- 
sity readings being taken at regular intervals of time. At first 
the density readings would consistently increase, as beads were 
being stirred up from the bottom of the sample cell. However, 
these readings leveled off after a short time. This was taken 
as an indication that the beads were uniformly mixed in the 
solution. 

The final step involved taking the D readings at the same 
iris diaphram and distance settings as before. Before taking 
these D readings, the Densichron and light source were adjusted 
to reproduce the Dog or zero readings obtained at first. 

In general this experimenal procedure requires consider- 
able patience and care to obtain reproducible results. The 
stirring of the mixture must be slow and gentile so as not to 
introduce air into the solution. This stirring must be carried 
out intermittantly between each D reading to prevent settling 
of the beads. Constant checks of the De. reading must be made 
to insure that the light intensity or Densichron response has 
not changed. These fluctuations were found to be small, but 
sufficient to introudce errors of the order of 5 or 10% if not 
watched. Since it is necessary to remove the sample cell from 
the holder to obtain a D ges reading, care must be taken to ree 
position it in exactly the same manner as before. One final 
point to be observed is that the faces of the sample cell must 
under no conditions be touched or cleaned between the D, and D 


readings. 
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In phase I there was no means of positively repositioning 
the aperture, so only one aperture setting could be used for 
each separate weighing of the beads. The only variables avail- 
able in a single run were the iris diaphram setting and the 
distance, which combine to form the R/f+c ratio. In phase II, 
however, the apertures could be screwed into the face of the 
photocell unit, and thus their previous position could be re- 
produced if they were removed. Therefore, aperture size, as 
well as the R/f+e ratio could be varied for each weighing. 
With this exception, the experimental procedure for phase II 
was exactly the same as that for phase I. 

Dynamic Calibration 

Having verified the approximate theory and the reliability 
of the photometer in phases I and II of the stationary calibra- 
tion, the next step was to attempt size measurements of glass 
beads under conditions which closely approximate those under 
which air atomization studies will be made. For this purpose 
an experimental apparatus in which glass beads can be injected 
into a high velocity air stream was used. This apparatus is 
fully described by Gottling(39). 

Sinee the geometry of the photometer had been fixed, the 
only variables available in these experimental runs were the 
mass rates of flow of air and beads. From the photometer point 
of view these two flow rates reduce to one variable , viz. that 
of particle concentration. However, it must be realized that 


flow conditions in the test section are dependent on each of 
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these two variables. 

The air flow rate could be adjusted to the desired value 
by controlling the back pressure to the Test section. Before 
starting the bead feeder, a ee reading was taken on the Densi- 
chron. The bead feeder was then turned on, flow rate control 
being provided through the variable speed DC motor drive. Once 
steady state conditions had been reached, which normally occurred 
after 10 or 15 seconds, optical density readings and test sec- 
tion static pressure readings were taken. The cylinder con- 
taining the beads was weighed before and after each run and 
the exact length of time of each run measured. With these read- 
ings, the mean bead flow rate could be easily determined. 

Once a run had been completed a check was made on the zero 
reading of the Densichron. In most cases a slight increase in 
optical density was recorded, the cause of which can be attri- 
buted to a few beads adhering to the glass face plates. However, 
this effect was considered negligible. 

The fluctuations in the bead flow rate were readily dis- 
cernible on the Densichron meter. The recorded meter readings 
were actually a mean of these fluctuations, which amounted to 
20 or 30% of the mean reading in extreme cases. It was noted 
that the optical density readings, and presumably the bead flow 
rate, tended to be consistently higher at the beginning of the 


run than at the end. 
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SECTION V 


Discussion of Results 


The goal of the experimental program was to investigate and 
Substantiate the analyses proposed herein as the basis for the 
design of a forward scattering photometer. The major portion 
of the experimental data was taken under carefully controlled 
conditions with glass beads suspended in oil. Additional data 
was taken on a test set-up in which glass beads were carried 
past the photometer by a moving /Stream. As far as possible, 
the significant parameters which entered into the analysis were 
varied separately in order to determine their individual effects 
and the limitations of the analysis. The results may be con- 
veniently divided into three separate groupings: (1) station- 
ary calibration, phase I; (2) stationary calibration, phase II; 
and (3) dynamic calibration. Original data is contained in 
Appendix H, with sample calculations being presented in Appendix 
T. 

stationary Calibration, Phase I 
The distinguishing feature of this phase of the experiment 
was the separation of the aperture from the photocell by a dis- 
tance of about six inches. The actual distances were determined 
experimentally to allow the cone of light from the aperture to 
just fill the large opening of the photocell housing. The re- 
sults obtained are plotted in Figure VI as values of Koo versus 


the non-dimensional distance parameter Lt? 


The geometrical and optical arrangement for this phase was 
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selected for two reasons: (1) practically all of the diffracted 
flux would be excluded, therefore the predicted K,, was nearly 
2.0 and (2) the aperture would be controlling throughout the 
test range. Figure VI clearly illustrates that the second 
prediction held true, i.e., the observed Ko was independent 
of the distance from the test cell to the photocell. However, 
the predicted values of K,, for the various apertures differed 
greatly from the observed values. For the smallest aperture 
used, .0200", the observed Kg, was about 50% higher than the 
predicted Raa The larger apertures gave similar results, the 
error progressively decreasing as aperture size was increased. 
The results presented for any aperture size include two 
or more runs made at different concentrations. No apparent ef- 
fect of bead concentration can be observed, any variation in the 
data appearing to be normal experimental scatter. The repro- 
duecibility of the data for a given geometry using various con- 
centrations (cf. runs 8, 11, 13, and 14) is considered to be 
adequate proof that mutual interference between beads does not 
affect the results for concentrations within the range of in- 
vestigation. The maximum concentration used had a bead sepa- 
ration to diameter ratio of about 8. 

Since bead concentration could not account for the consis- 
Tent error in the observed Keo? and since the error was related 
Girectly to aperture size, it appears that a secondary diffrac- 
tion occurs around the aperture itself. The window in the 


photocell probe was a 1/2 inch circle. Thus, a secondary "cone 
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of observation" is introduced, with an angle defined by the 1/2 
ineh window and the distance from aperture to photocell of 6 
inches. This angle is fairly large when considering diffraction 
patterns for parallel light, but it must be remembered that the 
light incident on the aperture is not parallel. This tyne of 
diffraction by a circular aperture of light of varying direc- 
tion is highly complex and not capable of simole analysis. There 
fore, these effects may be treated only in a qualitative manner. 
If secondary diffraction effects were the real cause of the 
unpredicted results, the effect should be eliminated by placing 
the averture on the face of the nhotocell vrobe. With this lo- 
cation, the light rays deflected by secondary diffraction would 
still impinge on the cathode of the photocell, due to the large 
angle it subtended from the aperture. In so doing, however, a 
relatively intense point of light would be directed on the cathode. 
In order to circumvent the possibility of saturation of the 
photocell by this point of light, a piece of frosted plastic 
was placed behind the aperture to disperse the incoming rays, 
thus providing more uniform illumination of the cathode. 
Summarizing, the important results of phase I were: 
(1) The optical and geometrical arrangement employed 
eliminated the distance from the test cell to the 
photocell as a variable. The aperture was found 


to be controlling, as predicted. 
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(2) Results appeared to be independent of concentration. 
This is of importance for atomization studies, since 
the extreme condition anticipated is with a mass 
flow ratio of water to air of about 0.3. This cor- 
resvonds to a droplet spacing of about 11 diameters 
for 20 micron droplets. This separation is greater 
than the minimum spacings used in phase I. 

(3) Diffraction by the aperture itself must be con- 
sidered in the design of a photometer. This result 


led to the investigations made in phase II. 


Stationary Calibration, Phase II 

Since it had been established in vnhase I that the distance ef- 
fects had been removed from the instrument, the effort in this 
phase was concentrated on the effect of aperture size. Accord-— 
ingly, the experimental data is plotted in Figure VII as fixe 
versus averture diameter. Also included on the plot is the curve 
of o. which the anvroximate theory vredicts. 

It is highly gratifying to see the correlation of the data 
with the theory. Due to the many assumotions entering into 
this theory, such excellent agreement was not expected. How- 
ever, for the 38 data voints taken in this vhase, agreement 
to within a maximum error of 5% has been obtained. A 5%@ scatter 
of measured values is considered to be entirely within the limits 


of experimental accuracy. 
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As a consequence of the results obtained in phase II, it 
may be concluded: 

(1) The approximate theory is capable of predicting 
the performance of a forward scattering photo- 
meter quite closely. 

(2) The secondary diffraction effects around the 
aperture may be circumvented by placing the 
aperture adjacent to the photocell probe, pro- 
vided steps are taken to prevent saturation of 
the’ eathode. 

(3) The forward scattering photometer with a 50 cm 
focal length collecting lens and either a .0625 
or a .O400 inch diameter aperture will be sat- 
isfactory for atomization studies. 

Although slightly more effective filtering will be obtained 
with an aperture smaller than .0O400 inches, the absolute inten- 
sity of the light captured drops rather rapidly. This is pri- 
marily due to the fact that, for apertures less than .0625, 
the light source image is larger than the aperture hole. It 
is considered desirable for the aperture to capture as much of 
the light source image as possibile and still give predicted 
Yalueé ot Kk. within 2 or 3 pereent of 2.0. Therefore, a .0625 
inch aperture was selected for use in the final phase of the 


test program, 
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Dynamic Calibration 


The geometry of the photometer was held constant in this 
phase, since it had been determined in phase II that the system 


selected would be capable of measuring K,. to within 3%. ‘Taking 


sO 


Kay = 1-975, particle sizes may be computed from the observed 
data, in the manner outlined in Appendix I, Samnle Calculations. 
The results are summarized in Table 1, below, the original data 


being presented in Appendix H. 


TABLE 1 


Bead Diameters as Measured by Photometer 





Run No. Wb We My d( microns ) 
1 ~2e9 , 285 ee.l 
2 ~229 285 ‘gl as 
3 Les 374 gL 
4 . Le 374 21.3 
r) . 140 456 el.1 
6 .144 454 ee ..5 


Note: M, is the Mach No. at the nozzle throat. 

With the exception of run #3 the particle sizes are con- 
sistent to within 7%, the tendency being for the measured di- 
ameter to decrease with increasing air flow rates. It is be- 
lieved that the erroneous results for run #3 are due to an 
error in reading the static pressure manometers. 

The actual size of the glass beads used for calibration 
was measured by Gottling using a differential settling tech- 
nique to be 25.8 microns. An independent size measurement of 


the beads before use in the dynamic calibration apparatus is 
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described in Appendix F of this thesis, giving the diameter as 
26.6 microns. It is fairly well established that the bead di- 
ameter is in the neighborhood of 26 to 27 microns. Based on 
this information, the photometric measurement apnvears to have 
an error of annroximately 25%. 

The following vossible causes of this error have been con- 

sidered, and will be discussed briefly: 
(1) Air flow rate measurements 
(2) Effective vath length in the medium 
(3) Fluctuations in the bead flow rate 
(4) Bead and velocity vrofiles in the test section 
(5) Foreign narticles, such as dust 
(6) Instrument errors in the nhotometer 

Air flow rate determination was based on the assumption 
of isentronic, one dimensional flow in the nozzle. Past exper- 
ience has nroven that this assumntion is a fairly good one, 
nozzle correction coefficients being of the order of 96% to 98%. 
In the vresent set-un the tube through which the beads were in- 
jected extends along the centerline of the nozzle and will intro- 
duce additional frictional losses. However, the magnitude of 
these losses should be only a few vercent at the most. 

The actual area uvon which the air flow rate was based was 
taken as that of the full test section, disregarding the loss 
in area caused by the bead injection tube. As the outside di- 
ameter of this tube was only .377 inches, comvnared to the test 


section I.D. of 2.0 inches, it can be easily determined that 
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this correction would amount to less than 4%. The validity of 
making such a correction is oven to question, however, as there 
is some air flow through this tube. 

Both of the two vossible errors in air flow rate tend to 
reduce this quantity. This, in turn, will cause the actual 
velocity of the particles at the ~hotometer to be smaller than 
calculated. Reference to the transmission equation (G-3) 
shows that if the actual velocity was smaller, the measured 
varticle size would be larger. Thus corrections for such effects 
would tend to reduce the observed error in particle size. 

The light vath length used for calculation purposes was 
2 inches, the inside diameter of the test section. Actually, 
the distance between the glass plates covering the test section 
was 3 inches (see Figure IV). In the event that eddies were 
formed in the spaces between the glass plates and the test sec- 
tion, the effective path length would be greater than 2 inches. 
Moreover, the concentration of the beads in these svaces would 
differ greatly from the concentration in the air stream. It is 
not vossible to analyze this error quantitatively; however, any 
increase in the effective path length of the light beam reduces 
the observed error. It is recommended that svnecial vorts be 
made for the equinvment which will limit the path length to the 
inside diameter of the test section and thus vreclude the possi - 
bility of eddy formation. 


Fluctuations in the bead flow rate were of two distinct 
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and sevarate tyves. First, the bead flow rate, as inferred 
from the Densichron readings, was somewhat higher during the 
initial vortion of any one run, settling down after about 10 
or 15 seconds. Second, rapid fluctuations about a mean were 
observed throughout the run. The effect of the second class 
of fluctuations is difficult to assess. However, the consis- 
tency of the readings for different runs indicates that any 
errors due to the continual fluctuations are small. 

The first type of variation may have a significant effect. 
The static nressure manometer readings were generally taken 
early in the run, there being insufficient time for a complete 
set.of readings.near the end. If the instantaneous bead rate 
of flow is larger than the mean, the drag forces will cause 
a larger oressure drov between the throat of the test section 
nozzle nul the static pressure tao at the photometer. This 
erroneous pressure reading will cause a higher velocity Vo to 
be inferred than actually exists. Such an error will again 
cause the measured diameters to be smaller than the actual sizes. 

In the calculations of bead sizes from photometric meas— 
urements it was imolicitly assumed that the distribution of 
particles was uniform throughout the aerosol. However, such 
is not the case when the beads are entrained in a high velocity 
air stream. The local bead rate of flow ner unit area, w/a, 
will vary across the diameter, as will bead velocity. To in- 
vestigate these effects it is necessary to write the transmission 


equation in the form 





~H9D_ 


lL 
In i. | n dx 
E o 


where n is now a function of x, and not a constant, as 
assumed before. 
The exvression for n given in Avvendix G is, 
We +6 


ee Wi, 


It can be seen that it is necessary to know both wW,/A and V 
as a function of the distance across the test section, x. The 
velocity profile can be determined from a stagnation pressure 
traverse. However, this information is unavailable at nresent. 
Gottling has obtained exverimental vrofiles of wp)/A. A revre- 
sentative samvle of these vrofiles shows the curve of Wp/A 
(YE /A) ave 

to veak at the centerline at about 1.12, with a fair approxi- 
mation of the shane being obtained with/straight line intersecting 
the wall at a value of .94. Integration of this straight line 
will yield a value of the total bead rate of flow equal to 
(W/A) ave times the total cross-sectional area. Calculations 
of In Eof using this straight line vrofile show that this effect 
will raise the measured diameter by 34. 

By referring to the exvression for n, it is anvarent that 
if the velocity profile and the Wy /A profile were both taken 


into account, the effects would tend to cancel one another. 


W./A and velocity should both tend to be smallest at the wall 
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and largest at the test section centerline. It is not incon- 
ceivable that such variations may well cancel, leaving n es- 
sentially constant along the light path length. 

Small particles of dust may be drawn into the test section 
from the room or become mixed with the beads after continued 
usage. In addition, lint from the bead filter bags will be 
introduced. This effect, while difficult to evaluate is felt 
to be small. 

Finally, the photometer itself should be considered as a4 
possible source of error. The data taken in phase II of the 
stationary calibration proved to be quite consistent and re- 
producible. It is to be noted that exactly the same ovtical 
system used in the dynamic calibration was also used for a con- 
siderable amount of the exverimental work in phase II. There- 
fore, it is the authors! oninion that the source of the 25% 
error lies not in the photometer, but rather in the measurements 
associated with the dynamic calibration anvnaratus. 

In summary, the dynamic calibration runs yielded a volume- 
surface mean diameter for the glass beads which was annroxi- 
mately 25% too small. The results, however, were consistent, 
with the error increasing slightly for lower concentrations. 
Several vossible sources of error have been considered qualita- 
tively and it anvears that each of these vnossible errors tends 
to yield a mean diameter which is too small. It therefore 


annears that further exverimental and analytical work is required 





yh. 


so that these errors may be accounted for and eliminated if 
possible. It is believed that once the various effects have 
been properly investigated and evaluated that the photometer 


developed will be capable of providing a measure of the volume - 


surface mean diameter which is accurate to within a few percent. 


> & "if 
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SECTION VI 


Conclusions and Recommendations 
Conclusions 


The Mie theory of light scattering by spvherical 
particles shows that the scattering area coefficient, 
Ka; approaches a value of about 2.0 when the particle 
diameter is large compared with the wave length of the 
incident light. In order that a given ontical system 
will actually observe this value of 2.0, it is necessary 
that all of the diffracted light be excluded from the 
photometric measuring device. An approximate analysis 
has been developed which permits a prediction of the 
percentage of diffracted light which can be excluded from 
a photocell for a given optical system. A photometer was 
designed and calibrated based on this analysis. 

From the results of this calibration it is concluded 
that: 

(1) the analysis developed can be used to rationally 
design a photometer and to predict its accuracy 
within a few percent; 

(2) the vhotometer will permit the measurement of 
the Velugeesurts'ee mean diameter of particles 
in an aerosol when the concentration of the 


particles is known; 
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(3) the photometer developed does not depend on 
distance to separate the diffracted light from 
the transmitted parallel light; 

(4) care must be exercised in the selection and place- 
ment of the aperture used in front of the photocell 
so that diffraction by the aperture itself is not 
encountered; 

(5) mutual interference of the diffracted light between 
droplets will not be of any significance in atom- 
ization studies; and 

(6) the dynamic calibration data, alghough erroneous, 
indicates it is possible to apply the photometer 
directly to the measurement of droplet size in a 


high speed air stream. 


Recommendations 

It is felt that the correlation of the results of the Sta- 
tionary Calibration, Phase II, with the predictions indicate 
that no further investigations of a stationary nature are 
required. It is recommended, however, that the dynamic cali- 
bration testing be continued to determine the magnitudes of 
the various errors enumerated in the Discussion of Results. 
It is the authors! opinion that these errors can be accounted 
for. In connection with the continuance of the dynamic ag ite 


bration, it is specifically recommended that: 


(1) test section ports be altered to provide a path length 
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equal to the inside diameter of the test section; 

(2) air filters be provided on the air intake to reduce 
the amount of dust mixing with the glass beads; 

(3) replace the beads currently in use with clean beads; 

(4) determine the properties of the new beads used, i.e. 
the density and woluge! sar tast mean diameter; 

(5) alter experimental technique by using longer times 
for the runs to permit determination of better av- 
erage values; and 

(6) calibrate the nozzle used so that the air mass flow 
rate may be determined more accurately. 

Once the above recommendations have been followed and the 
dynamic calibration obtained to within a sufficient degree of 
accuracy, the photometer described in this thesis should be cap- 
able of providing a reliable measure of droplet size in atom- 
ization studies. The equations developed in Appendix G permit 


a convenient tabular form to be employed in the calculations. 
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APPENDIX A 


The Transmission Equation 


For an aerosol of transparent particles of uniform size, the 
transmission of a parallel beam of light through the aerosol has 
been found experimentally to be (see Sinclair (30) and Handbook 
on Aerosols (7)). 

E — ~ (A-1) 
"EQ 
where Ey = flux density of the incident parallel beam 

E = flux density of the parallel beam after passing a 
distance 1 through the aerosol 

n = number of spheres of radius a per unit volume of the 
medium 

S = scattering cross section 

This equation holds for light of a single wave length and for 
aerosols where the individual particles are far enough apart so 
that the scattering is incoherent. 


When the aerosol is composed of non-uniform size particles, 


the product nS is given by 
n 


nS = =. Ky 1 a@ (A-2) 
where the summation is performed over all sizes of particles us- 


ing the appropriate value of & for each size. Combining this 


expression with equation (A-1) gives 
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n 
Me = 2 
BS ae co Ki 
Eo 
E 
or i o is Ks Tae 
.°) 


(A-3) 


The total weight of the particles, w, present in an aerosol of 
volume V is given by 


W 


n 
v= 
Oo 


WIE 


Tap 


(A-4) 
where / = density of the particles 


To convert equation (A-3) to a useful form, multiply the right 


by 
hand side by w and divide the right hand side/the equivalent of 
w given in (A-4) to obtain 


n 
Int = 135 x,ma? wW 
Ey o veined p 

pS 


Rearranging this result gives 


= 
0 


3wl 
————— oo << (A-5) 
n 4 2v in Zo 
ak. ae , E 
@) 


All quantities on the right hand side of equation (A-5) can 


be determined for any particular experiment employing the for- 


ward scattering method. It is therefore possible to obtain ex- 
perimental values for the quantity 





See 





In those cases where the value of K, is the same for each parti- 
cle of the aerosol and this value of K, is known, it is possible 


to obtain experimental values for the quantity 


= 
) 
z a 
O 


which is, by definition, the volume-surface mean radius of the 
particle spectrum. Since K, cannot be exactly the same for each 
particle unless they are all the same size, and Since the actual 
K, cannot be observed exactly with forward scattering techniques, 
the transmission equation for an aerosol of particles of non-uni- 


form size becomes 


. zZ. ae <i wl k,, 
Oe ae EG Se. (3) 
=* PY in Eo 


gE 


where Kao is used in place of the actual K, to permit a correction 
for the diffracted light which is captured by the photosensitive 


unit. 





-52- 


Equation (3) is the working equation for obtaining the approx- 
imate volume-surface mean radius using a forward scattering photo- 
meter. See Section II for more details on the application of 


equation (3) to experimental work. 
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APPENDIX B 


Analysis of Scattered Flux Distribution 


The analysis of the angular intensity of light diffracted 
by an opaque sphere is given by Humphreys (13) and Johnson (16). 
The results are applied here to derive an approximate method by 
which the diffracted light energy contained within a small solid 
angle ahead of the sphere may be calculated. See Section ITI, 
Theoretical Considerations for Design of a Photometer, and Appen- 
dix D for further details on application of this analysis. 

Consider a droplet of radius "a" illuminated by plane para- 
liel radiation. The intensity of the diffracted light at any 


angle (measured from the direction of the incident light) is 
given by Johnson (16) in the form 


I, na’ Ra J; (28) ) 


(B-1) 
where: a = radius of the particle 
B = X sin? 
2 
Jy = Bessel function of the first order 
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The diffracted flux passing through the incremental area 
eTy' dy' shown in the sketch is given by the relation 


d( Projected Area ) 


es 


QF => Jf x dw # I 


D : ee 


ad (Projected Area) eTWyds = 2T yla? 


27L° singae 


hence: QF«@ 27 i sin @ de 


d (Projected Area) 


The diffracted flux contained within the angle ® is given by 


F = om [ sin ¢ a¢ (B-2) 
fo] 


Combining equations (B-1) and (B-2) gives 


a A | 2 
Pe=. T waa (2 | sin 0 aé (B-3) 
0 


From the definition of 65 we have 


sin a= 68 = Li 
a TT & 


However, Since preiiminary calculations revealed that all angles 


involved in the diffraction pattern would be small; we have, 


approximately, 
Bn 
> = ee ae 
Ta (B-4) 
N 
and d : B (B-5) 


Combining equations (B-3), (B-4), and (B-5), the approxi- 
mete equation for the flux included within the angle @& becomes 
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le I Le ale lz J, (28) B JP (B-6) 


No attempt was made to integrate equation (B-6) analyti- 
cally. The integrand, f(6)= Bly a (2@) ] , was plotted against 
G6 for values of (3 from 0 to 14.52. This included nine dif- 
fraction rings of the diffraction pattern, and practically all of 
the diffracted flux is included within these nine rings. The 
total area under the curve was determined by planimeter. The 
areas under the curve from § = 0 to various values of E were 
also determined. For any value of 6 the ratio of the area to the 
total area gave the percentage of the diffracted flux included 
within the angle ® corresponding to that value of 6 . 

The results are shown in graphical form in Figure II. For 
a given droplet radius and wavelength the percentage of the dif- 
fracted flux outside an angle @ can be computed. 

For example, consider a droplet of 15 micron radius illumi- 
nated by blue light (A = 0.4 microns). An aperture of .06" 
diameter is placed 20" from the particle along the line from the 
particle which is parallel to the incident light. It is desired 
to find the amount of diffracted flux which passes through the 


aperture. For this example we find 


2¢ = 88 = .003 radians 


= ~OO15 radians 


o 
_ Ma? . Wx 15% 58015 
6 - i = .1768 
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Then from Figure II we find that 98% of the diffracted energy 
is excluded from the aperture, and 2% of the diffracted flux 


passes through the aperture. 
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APPENDIX C 


Analysis of Optical System 


In order to place the design of a photometric device for 
measuring particle size on a rational basis, it is first neces- 
sary to predict with some accuracy the angular distribution of 
the forward scattering of small particles. The analysis of this 
effect is contained in Appendix B. The second step is to devise 
a system which will separate as much of the scattered light as 
possible from that which is not scattered. In effect, this de- 
vice may be thought of as a selective filter. 

Previous investigators have found that most of the scattered 
light could be filtered out by observing the light transmission 
through an aperture at distances far from the scattering particles. 
Both Cheatham (3) and Sinclair (7,32) obtained a Kg of 2.0, which 
is equivalent to completely excluding the scattered light, at dis- 
tances of the order of 18 feet. While it would be possible to 
design a laboratory instrument employing these distances by the 
use of reflecting mirrors or prisms to fold the light path back 
and forth, it would be much preferable to devise an instrument 
which could filter out the scattered light in a short distance . 
To accomplish this, the use of a collecting lens and a small 
aperture suggests itself. 

In this appendix, an approximate analysis of such a system 
is presented, the object being to permit the selection of the 


Significant parameters of the system geometry, and to permit 
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some estimation to be made of the percent of the scattered light 
which might be excluded. The assumptions inherent in this analy- 
sis are: 
(1) That the principles of geometric optics will hold true 
(2) That the focal points of the lenses and the light source 
are true points, of negligible area | 
(3) That the lenses may be considered thin 
(4) That the light impinging on the lens is parallel 
(5) That all the light passing through the small aperture 
will impinge on the photocell and be indicated 
Consider the system shown in Figure VIII . The important 
components are 
(A) A single, spherical particle upon which a parallel beam 
of monochromatic light is incident 
(B) A large aperture of diameter 2R, which limits the ef- 
fective area of the lens 
(C) A thin lens of relatively long focal length, f. All 
refractions of the light rays are assumed to occur in 
the plane of the lens 
(D) A small aperture of diameter 2r, placed at the second 
focal point of lens (C) 
which, 
(E) A photosensitive unit, /through a suitable amplifier 
and meter will indicate the total amount of light 
energy impinging on the cell 
All of the parallel light rays will pass through the second 
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focal point of the lens and will impinge on the photosensitive 
cell, E, provided aperture D is as large as the light source 
image. It might be noted that, for an actual lens, this will 
be an image of finite area, rather than a true point. 

Considering the diffracted light only, the spherical par- 
ticle A may be visualized as a point source, emitting light rays 
in all directions. From the Mie theory we can predict the amount 
of energy radiated in any given direction. Referring to the 
diagram, only that amount of light energy included within the solid 
angle GJ , represented by the plane angle W , will be captured 
by aperture D and measured by the photocell. We wish to predict 
just how much of the diffracted light we have succeeded in ex- 
cluding from the photocell. It is therefore necessary to obtain 
an expression for W in terms of the system geometry. It is 
apparent that the smaller we can make W , the more successful 
our filter will be in separating the diffracted light from the 
parallel light. 

The Mie theory may be used to determine the amount of energy 
included within any given solid angle. In the present case, we 
will consider only those solid angles which are symmetric about 
the direction of the parallel light propagation, and may there- 
fore reduce our considerations to plane angles only. Thus the 
plane angle \/ actually represents the solid angle obtained by 
rotating W about its axis. 

If the particle is located distance c from the first focal 


point of the lens, it may be considered as being a point on the 





26e 


object shown as the solid arrow. From elementary optical theory, 
this object will be imaged by the lens at distance c! from the 
second focal point. The Newtonian lens equation gives for thin 
lenses the relationship between these distances as cc'= ee, 
Considering the particle at A as a point source, only those 
light rays which pass through apertures B and D will converge 
at the tip of the image. Now, assume that the distance r' will 
lie wholly within the large aperture B, that is, assume that the 
small aperture is controlling. Then the amount of diffracted 
light which impinges on the photocell will be that included with- 
im tke angle iy 
From similar triangles, r/r' = c'/(f +c'), or p's r(f4c')ye', 
From the lens equation, we have c' = f= /e. Substituting, we get 
rie r(f+c)/f. Now tany = r'/f+c) 2e rff. Therefore, as 
long as r' lies wholly with aperture B the amount of diffracted 
light captured is independent of distance, c, and independent of 
R. For this region we want r/f to be small, or a long focal length 
lens with a sharp focal point, to permit a small aperture, er. 
| Let us consider the other case, where the amount of dif- 
fracted light captured is limited only by the large aperture, 
rather than the small aperture. In this case, r'= R and tanW= 
R/(f + ¢c). This shows the important effect of distance c¢ in 
making \Y small, as observed by Cheatham (3) and Sinclair (7,32). 
Intermediate between these regions lies an area where the 


diffracted light is partially limited by the large aperture or 





~§ 2. 


lens size and partially by the small aperture. In this range, 
the particle position relative to the central axis will affect 
the amount of diffracted light captured. A curve of the observed 


K, versus ¢ should appear somewhat as follows: 


The dotted portion of the curve indicates the intermediate region. 
It is apparent that if r/f is sufficiently small, the initial 
portion of the curve can be made to approach 2. If this is prace 
tical it will not be necessary to go the long distances previ- 


ously required experimentally by Cheatham and Sinclair. 
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APPENDIX D 


Analysis of Data of Previous Investigators 


The analyses presented in appendices "B" and "C" provide a 
method by which the performance of a given photometer may be pre- 
dicted. Cheatham (3) had compiled a large amount of data using 
glass beads of known radius. For a given size of glass beads, 

a given aperture, and a given lens, Cheatham varied the distance 


from the sample to the photocell to determine the variation of 


Kgo with distance. Several combinations of bead size, lenses and 
apertures were employed in the experiments. 

For any of the experiments which were performed by Cheatham 
it is possible to predict the variation of ae with distance. 
Calculations were made to compare the theoretical K,, with the 
values observed experimentally. Figures IX and X illustrate the 
results of these calculations for three of Cheatham's experiments. 
The agreement is considered satisfactory, and the decisions made 
adie base tee selection of optical equipment were’ based: on'this agree- 
ment. (See Section II, Design of the Photometer). 

As an example of how the predicted curves were calculated, 
consider the experiment using glass beads of 34 micron volume-sur- 
face mean diameter in oil, with a four inch focal length collecting 
lens and a one-sixteenth inch aperture. The phototube used was 
an RCA 1P39 with S4 spectral characteristics (peaks at 0.4 mi- 
cron wave length). The lens diameter was five-eights inches 


(assumed as the diameter of the light beam). The distance from 
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aperture to phototube was four inches. Referring to Figure VIII, 
the values of the geometrical constants are 


ec ss variable 


: = 
R = 5/16" 
ris: L732" 


ec + OF + 4" = ec + 12" 


x 


Following the procedure of Appendix C we find the limiting Yy 


for these constants to be 


1 
Limiti cs a a ee | cope 
mae © 32 x 4 sal 


and the value of c which corresponds to the dividing distance 
between aperture controlling and distance controlling is 


R 


—eees = gg 


Ss 
f+e i 


~ f = 36" 





x=2zer+ril12 = 48" 


The optical constants for this experiment were: 


a 
7, 

N= 0.4 M 
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When x & 48" ~ ; ? = limiting Yy =  .00781 


When x > 48" ; es a R _ 5/16 
f+e 5a -le ~ & Se 
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The predicted value of K,, is determined by calculating p 
for a given distance x and obtaining the percent diffracted 
energy excluded from the aperture from Figure II. The predicted 
value of Keo is then given by the expressions 
Ko = 1+ Percent Excluded 
100 
For the present example, we have 
x & 48"; @ = 133.5 x .00781 = 1.045 
Percent excluded = 34 


K,9 (observed) = 1 + .34 = 1.34 


x = 108"; » . B76 . 9322 
108 - 8 


1ZBe5 smeMOBl25= A418 


Percent excluded = 83.5 


Ks0 = 1 + .835 = 1.835 

Additional Sais were obtained and the predicted curve is 
shown in Figure IX. Figure X illustrates the predicted curves 
for two additional experiments of Cheatham which illustrate the 
effect of a relatively long focal length for the collecting lens. 

The agreement between the predicted values of Se and the 
observed values was considered adequate enough to permit use of 
the analysis developed in Appendices "B" and "C" for the tenta- 
tive design of a photometer. The conclusions arrived at in the 
preliminary design stage are discussed more fully in Section II, 


Design of the Photometer. 
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APPENDIX E 


Linearity Check of Densichron 


The linearity of the Densichron, with which all the light 
intensity measurements were taken, is an important factor in 
evaluating the experimental results. It is highly pertinent 
to establish that a change in light intensity which produces a 
change in density reading D from 0 to 0.2 will also produce 
an equal change in aumaetty reading at all ranges of the meter 
scale, say from 0.8 to 1.0. 

With the optical bench and light source described in Sec- 
tion III, use can be made of the “Inverse Square Law" to check 
for linearity. Consider a point source of light, P. Let F 
represent the luminous flux crossing any section of a cone of 


solid angle © steradians whose apex is at the source. 


By definition, the luminous intensity of the source, I, is the 


ratio of the flux F to the solid angle W ., 


F 
GJ 





is 


Also by definition, a steradian is the solid angle subtended 
at the center of a sphere by an area of arbitrary shape on 


the surface of the sphere, equal to the square of the radius of 
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the sphere. 





A 
i) = a} 
Xx 
Combining these two relations, - = tA 
2 
x 


The Densichron meter reading D = 10819 = Taking the 
difference of two readings, D and Do, substituting the expression 


for F, and converting to the natural system of logarithms, we 


have _ nn | I) 
D-D.= 55 E (*) - bn (5) ~ 23 ara) 


The luminous intensity I may be assumed to be constant, as 
we are looking at the light source from the same direction. The 
area A, which in the test procedure was a 1/2 inch aperture ad- 
jJacent to the photosensitive unit, is also constant. Canceling 


these terms, we have 
2. oe 
D Do 2.3 es 
By adjusting the volume control of the Densichron to obtain a 
zero density reading at X = 7.1 inches, the formula can be 
reduced to x 
This is the relation which is shown plotted in Figure XI. 
For a meter reading of 0 at x = 7.1, density readings were 


taken at various distances and are also shown plotted in Figure 
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XI. Readings were taken both with and without the blue filter 
in place. The observed data is contained in Table 2 

The agreement of the experimental points with the theoret- 
ical line is considered excellent. No corrections to any of 
the subsequent Densichron readings were considered necessary. 

The linearity check was carried out in a darkroom, and at 
first some difficulty was experienced with light reflected from 
the darkroom walls. The photocell behind the aperture effect- 
ively "saw" more of the reflected light from the walls as the 
distance from the light source was increased. This difficulty 
was overcome by shielding the light source with a black cloth 
in all directions except that in which the photocell was located. 
Thus, the only light impinging on the walls was in back of the 
photocell, and could not be "seen" by it except through secon- 


dary reflections, which were negligible. 
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TABLE @ 


Linearity Check of Densichron 


Filter not in system 


Light source current: 110 milliamps 


Densichron: Range 2 
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Blue filter in system 
Light source current: 140 milliamps 
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APPENDIX F 


Measurement of Experimental Constants 


The following experimental constants were determined in 
connection with the calibration of the photometer: 
(1) Volume-surface mean diameter of two grades of 
glass beads. 
(2) Density of glass beads. 
(3) Density of oil used as suspending medium for glass 
beads in test cell. 


Measurement of Volume-Surface Mean Diameter of Glass Beads 


Photomicrographs were taken of the two grades of glass 
beads used for calibration purposes. For this purpose a Bausch 
and Lomb illuminating microscope was used with a 15X ocular, 32 
mm objective and no condensing lens. <A mixture of Nujol oil 
and glass beads was spread on a glass slide, focus obtained on 
the microscope and in the camera. Four photomicrographs of 
each grade of beads were taken and one photomicrograph of a 
slide micrometer was taken with the same magnification. The 
prints were made using an enlarger which provided a total mag- 
nification of about 1600X. 

A transparent graticule was used to measure the numn- 
ber of beads smaller than certain diameters. The data obtained 
is summarized in Tables 3 and 4 and is plotted in 


Figures XII and XIV, which show the percentage of beads smaller 





_TH. 


than a given diameter versus the diameter. The distribution 
curve for each grade of beads is obtained by finding the de- 
rivative curves for Figures XII and XIV. The distribution 
curves for the two grades of beads are shown in Figures XIII 
and XV. The volume-surface mean diameter is obtained from 


the distribution curve by use of the definition 


= Ja G dd 
A = J? G dd 


where G = = 


The calculations to evaluate the integrals indicated in 





Uf 


esi) 


Equation (F-1) were made using Simpson's first rule of approx- 


imate integration. These calculations are shown in Tables 5 and 6 


TABLE 3 
Photomicrograph Measurement of 3M Superbrite Beads, Type 
119, 35-C-7412, Serial 3364, manufactured by the Minnesota Mining 


and Manufacturing Company; from photomicrographs taken April ll, 


ike ae 
Diameter Smaller Than (Microns) 
— 6 We i7 #+=2 #8 34 #3 Gy Be 
1 0 c 28 95 158 198 CLO 215 cid 
@ 0 5 4d 119 187 205 217 219 21g. 
iS O 4 46 lel L179 213 2°0 22l Col 
4 O 2 4o 132 203 peut 252 algs 256 
Totals @) 13 160 LO7 Tet 856 899 910 911 
Percentage 0 1.4 17.5 51.2 79.8 94.0 98.6 99.9 100 


(See Figure xir for plot.) 


TABLE 4 
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Photomicrograph Measurement of 3M Superbrite Glass Beads, Type 


119, 35C-4762, Serial 3357, manufactured by the Minnesota Mining 


and Manufacturing Company, from photomicrographs taken April aL] A 


1955. 


Picture 
No. 


1 
2 


3 
* 


Total 


Percentage 


3364 


Diameter 


5 
0 
O 
O 
O 
0 
O 


G 


0 
5S 
2355 
83 
83 
26 
Syl 
eu 
O 


Pome 


O.| 
NoJLo 


Diameter Smaller than 


ii 


0 
mM 
2 
O 
6 
ih 


iL 


vey 10.87 32.6 


a 


a°G S.M. 
O ik 
15.8 4 

550 2 

1132 mn 
1769 2 
1134 4 

625 2 

336 4 
0 il 

Totals 

St(a° G) 


16 


3 
26 
18 


7 
54 


163 


TABLE 5 
Calculation of d3 for 3 Beads, Type 119, 35C-7412, Serial 
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(Microns ) 
35 Si 
80 97 
LA 55 
a7 128 
65 80 
403 = 460 
81.3 92. 


(See Figure XIV for plot.) 
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a, - Sf(a?_a) 

S SI G) 


measuring the displacement in water of a measured weight of 
beads. 
and a chemical balance to measure weights. 
stirred thoroughly after being put in the graduate to remove 


any entrapped air. 


Calculation of 


TABLE 6 
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for 3M Beads, Type 119, 35C-4762, Serial 
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Totals 


= pers = 30.1 Microns 


Determination of Density of Glass Beads 


This constant was determined by the simple procedure of 


£(a° G) 
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The beads were 
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A standard 50ml graduate was used to measure volumes, 


Two independent measurements were made, one 


yielding a density of 2.42 em/om>, and the other 2.415 em/em> 


> sey Be 





a Ls 6 
Determination of Density of Oil 


The oil used to suspend the glass beads in was Dow-Corning 
550 (Silicone) oil. This oil had been selected by Cheatham (3) 
because of its ability to prevent agglomeration of the glass beads. 


The density of the oil was found to be 1.076 grams/cc by use 


of a specific gravity bottle. 
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APPENDIX G 


Governing Equations for Atomization Studies 


Atomization studies will be performed on a system in which 

particles will be carried through the photometer light beam by 
a high velocity air stream. By measuring the decrease in in= 

tensity of the light due to the passage of the particles, a meas- 
| urement of particle size can be obtained. The following deri- 
vations were made specifically for the dynamic calibration runs, 
in which glass beads were injected into the air stream, but will 
also be equally applicable to atomization of water by an air 
stream. The apparatus for entraining the glass beads in an air 
stream is fully described by Gottling in reference (39). 
Transmission Equation for Beads or Water Droplets in a Moving Air 

Stream 


The transmission equation (see Appendix A) may be arranged 


in the form Z 
In ,° = Snl (G-1) 
Tcl 
where Ss = Ko — 
and n = number of particles per unit volume of the 
mixture 


The number of particles in an aerosol moving through a unit 


volume at velocity V is given by 
a 
N= AV wd A, 


We 
where Zz may be thought of as the spatial den 


sity of the particles, in 1b/ft> 
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Substituting the expressions for S and n into equation (G-1l), 


the transmission equation becomes 


in Fo = 3 Kso Wa (G-2) 


EB 6 62AVGSA 


Solving for the diameter d and substituting 2.303(D-D .) for its 


equivalent In E,/E (see Section III), the following expression 


for particle diameter is obtained 


9 olen War 


= G-3 
2 AVA, «2.303 (D- D,) — 


For a predicted value of K,,, equation (G-3) gives the 
particle size in terms of system constants and quantities which 
may be determined experimentally. In order to apply this equa- 
tion, it is necessary to develop an expression for velocity in 
terms of measureable quantities. This is done in the following 
paragraphs. 


Particle Velocity at Photometer 


The system considered is shown below. 


It will be assumed that the velocity of the beads is negli- 
gible at section 1, and that the velocity of the beads is the 


same as that of the air stream at section 2. The latter 
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assumption has been found to be very nearly true for water drop- 
lets in air as the large drag forces on the particles cause them 
to accelerate quite rapidly. It is estimated that the particles 
reach essentially main stream velocity within a foot or two of 
the point of injection. The photometric measurements were 
taken approximately five feet downstream of the point of bead 
injection. 

The Steady Flow Energy Equation for adiabatic flow between 


sections 1 and 2 may be written as 


= 2 at on 
Ge hs, peel a, +WE, he, Wy the = welian + Wi Te + Wiehe We Cos 
42 5 a) 


(G-4) 
Employing the assumptions made in the above paragraph and fur- 
ther assuming that heat transfer effects between the air stream 
and the beads are negligible so that hp, = hb,» equation (G-4) 


reduces to 


u a 
De) As 
where Vo = Vay = Tay Using the definition of stagnation en- 


thalpy for the air at section l, we obtain 
i 
wahe,, = Wiha + (Wa + Wy) 2 
; EG 
(G-5) 


Introducing the perfect Gas Law for air and rearranging, 


WB) Va Cnn = ten) =O 
(1+ a) + Cp (Ta ~ lo (4-6) 
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Noting that the volume rate of flow of the beads will be 
at least 2 orders of magnitude less than that of air, the con- 


tinuity equation for the air flow may be written as: 


s-afh-Lw 


A R Ta 
(G-7) 
Solving for Ty: 
& Pa Va A 
l= “RR Wa 


Substituting this expression for T_ into equation (G-6), we 


2 
have 


(| + -) 4 +t Cp t A Vo. Cpl O 
(G-8) 


This equation contains Ve in terms of constants, measurable 
quantities, and the mass rate of flow of air. 


Mass Rate of Air Flow 


The bell shaped nozzle at the inlet to the test section 
provides a convenient means for the determination of the air 
flow rate if isentropic flow is assumed. In equation (4.16) 
of reference (37), the mass flow per unit area is given in terms 


of the Mach Number as 


0 


_[k fe M 


elk £ 
A R Tr (| in aa n°) st 





(G-9) 
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The ratio of the actual area to the area required for sonic 


velocity is given by: 


f= [GEa)lie BP)” 


(G-10) 
Eliminating M between equations (G-9) and (G-10), 
wi. [Ef 2S x 
A = +! A 

( Gian, } 

ratio 


The quantity A/A* is a function only of the pressure/p/p,, 
and is tabulated in the Gas Tables (38). Therefore, knowing 
the area of the nozzle throat, and assuming isentropic flow in 
the nozzle, the mass rate of flow of air can be obtained from 


the measured static pressure at the throat and the stagnation 


pressure. 





Appendix 
Original Data 


‘TABLE 7 
Run No. 4 April 1, 1955 
Glass Beads in oil. 
d3 = 30.1 microns 
Focal length (f) = 19.8" 
Aperture Diameter (2r) = .0625" 


Weight of 611 v) = 51.5 ems. 
Weight of beads (w) = .0351 grams 


Distance ~ aperture to photocell = 5.6 inches 


Position of collecting lens = 45.3 


Kgq = -00411 W (D-Do) = 6.03 (D-D,) 


Xx fre eR its Do 
36" 9.3" 25mm 18.9 Ol 
33 aes 25 25.0 OL 
30 Pn 25 Sala -O1 
oad | 18.3 25 3 (se -Ol1 
o4 a ONS a> 43.0 005 
20 25.3 25 51.4 ~005 
16 29.3 25 59.6 005 
36 9.3 20 23.6 .O1 

2 BERS 20 Sse “Ol 

30 ae 20 38.8 ~O1 
ae 16.3 20 46.4 OL 
oy ey .3 20 54.0 OL 
20 25.5 20 64.2 -005 
16 29.3 20 74.4 ~005 
36 9.3 te) 32 0 
33 Las 15 41.6 6) 
30 1§.3 15 51.8 0 
27. 18.3 U5 62.0 0 
oy 21.5 is Tc #2 0 
20 2565 iD 85.6 @) 
16 29.3 AUS) 99.2 O 
36 9.3 10 47.2 0 
aye ee 10 62.4 6) 
30 15.3 10 T7.© 6) 
red ff 16.3 10 93.0 6) 
oy en. 3 LO 108.4 0 
20 25.3 10 U2B 36 0 

16 29.3 10 149.0 0 


MNMNMANNANNNMNNNNNANNANNMNNNMNNNNWN DPD Pf a 
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TABLE 8 


Run No. 5 April 2, 1955 
Glass beads in oil. 
d3 = 30.1 microns 


2 

Focal length (f) = 12.4" 

Aperture diameter (2r) = .0200" 
Weight of oil Sa = 51.5 grams 
Weight of beads (w) = .0351 grams 
Distance —- aperture to photocell = 


Position of collecting lens = 52.5 
Kgg = .00411 rm. (D-Bo) = 6.03 (D-Do) 

Xx f+ec OR f +c D, D 
ho" 10.5" 25mm 21.3 46 98 
39 18.5 25 27.4 465 9715 
36 16.5 ai 6 Se) e465 97 
& je) 19.5 25 39.6 465 97 
30 22.5 25 45.7 46 97 
al f 25.5 25 51.8 46 Of 
24 20.5 o> 57.9 46 97 
20 Se .5 25 66.1 A455 97 
16 36.5 25 74.3 455 97 
4o 10.5 20 26.7 455 975 
39 iS). 20 34.3 oA5 97 
36 16.5 20 41.9 AS 965 
33 19.5 20 49.5 ANS ~965 
30 2e.5 20 Wie o AAS 965 
oT 25.5 20 64.8 AAS 965 
24 28.5 20 72.4 oA 965 
20 32.5 20 82.6 0435 965 
16 36.5 20 92.6 o43 965 
42 10.5 1S. 35.6 A9 98 
39 LSiab 5 45.7 A485 0915 
36 16.5 185s 55 9 48 297 
33 19.5 dis 66.1 475 96 
30 22.5 15 76.2 a7 96 
eh Ze 1S 86.5 46 0955 
24 28.5 15 96.6 455 95 
20 30 .5 15 110.0 AS 945 
16 36.5 L5 liza 43 945 


bs 
w 
© 


e e ° e o e @ie 
MeHMRMrRMrHrHrOOCOOQOCOF 
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TABLE 9 


Run No. 8 April 8, 1955 
Glass Beads in oil 
a= 26.6 microns 


Focal length (f) = 18.5" 

Aperture diameter (2r) = .0400" 
Weight of oil w) = 51.0 gems. 
Weight of beads (w) = .0319 germs 
Distance-aperture to photocell = 6.0" 
Position of collecting lens = 47.1" 


Ks = .00364 © (D-Do) = 5762 (D-D.) 

x {+e 2R ey Do D D-Do Kgo 

36" ae. 1." 20mm 28.2 183 603 42 2.45 

53 14.1 20 35.8 18 598 418 2.43 

30 beet 20 43,4 aE fe 59 oAL5 2.41 

ef 20.1 20 51.0 165 583 418 2.43 

24 e541 20 58.6 16 578 418 2.43 

20 27.1 20 68.8 158 576 4O 2.45 

16 See 20 | (3.9 HES IS 578 423 2.46 
TABLE 10 

Run No. ll April 13, 1955 

Glass Beads in oil d3 = 30.1 microns 

Focal length (f) = 19.1" 

Aperture diameter _ ) = .0400" Weight of oil (W) =49.5ems 

Weight of beads (w) = .0O410 gms 


3 


Distance-aperture to photocell=5.9 
Position of collecting lens - 46.5" 


Keo = 00411 W (D-D,) = 4.96 (D-Do) 


x f+ec OR f+ec Do D D-Do 


tJ 
= 
3 

Ud 
SS) 


nN 

~“ 

J 

\O 
WATT 0101 

_ 

OV’ 

OV 

nm 
ONUOWMO 

oe) 

OV’ 

.Oy) 

WI 

OV 

W 

tr 

\O 

CO 
MMM Mw Mw MDP 

= 

~~} 
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TABLE 11 
Run No. 12 a= 15, 1955 
Glass Beads in Oil 26.6 microns 
Weight of oil =" ( = 52.4 gms 
Weight of beads (w) = "406 gms aBertare = .0400" 
Kso = .00364 % (p-p.) = 4. -70(D-Do) 
Other data same as Run No. 

x f+ec OR ote Dy D D-Doy -” 
36" 10.5" 20mm 26.7 .06 56 50 2655 
33 Ss 20 34.3 06 56 50 2.35 
30 16.5 20 41.9 06 56 ~ 50 2.35 
oT 19.5 20 49.6 06 56 50 2235 
24 22.5 20 HH .e 06 56 50 2.35 
20 26.5 20 67.3 06 7 Bal 2.39 
16 38.5 20 TH .5 .065 58 ~515 2.42 

TABLE 12 

Run No. 13 April 15, 1655 
Glass Beads in oil d3 = 26.6 microns 
Weight of oil mw? ) 51.4 gms 5 
Weight of beads (w) = .0355 gms 

* Aperture dia. = .0400" 
Ks9 = .00364 * (D-Do) = 5.26 (D=-D.) 
Other data same as Run No.’ ll 
x ¥+e eR nts Do D D-D, kaa 
36" 10.5" 20mm 26.7 105 56 455 2.39 
338 13.5 20 34.3 ~ 105 56 455 2.39 
30 16.5 20 41.9 ~ 105 563 458 2.41 
OT 19.5 20 419.6 ~ 105 568 463 2.43 
eu 22.5 20 57.2 o dey oe 463 2.43 
20 26.5 20 GH .3 115 #£«.588 473 2.49 
16 30.5 20 ~~ .5 sa2 -603 483 2.54 
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TABLE 13 
Run No. 14 April 15, 1955 
Glass Beads in oil d3 = 26.6 microns 
Weight of oil ~ = 49.9 gms 5 
Weight of beads (w) = .0351 gms 


= hn OW 
Kso = 00364 = (D-D,) = 5.18 (D-Do) 
Other data same as Run No. il 


x f +e 2R f+e Do D D-D kn 
36" 10.5" 20mm 26.7 085 545 - 460 2.38 
35 Ts). 5 20 34.3 .08 2548 . 468 2.42 
30 16.5 20 41.9 08 548 468 2.42 
rail f 19.5 20 419.6 08 1653 473 2.45 
24 22.5 20 57.2 083 2558 Ty ss 2.46 
20 26.5 20 67.3 093 570 u77 2 RT 
16 30.5 20 ie: 103 » 585 482 2.50 
TABLE 14 
Run No. 15 pris 22, 1955 
Glass beads in oil 3 = 26.6 microns 
Focal length (f) = 21.0" s 


Weight of oil m} = 43.0 gms ; 

Weight of beads (w) = .0309 ems. Aperture dia. (2r) =.0625" 
Distance of aperture to photocell =3.4" _ 
Position of collecting lens - 47.2" 


Keo = -00304 + (D-Do) = 5.07 (D-Do) 

x C+ ¢ eR f+e D, D D=-Do Kee 
36" 11.2" 20mm 28.4 .123 = .530 407 2.07 
33 14.2 20 36.1 118 685 407 2907 
30 fie, 2 20 43.7 110 .520 410 2.08 
Pi 20.2 20 51.3 105 518 413 2.10 
2h 23.2 20 58.9 105 .520 ~A15 oe val 
20 27.2 20 69.1 105 523 418 2.12 
16 Sie 20 79.2 103.525 422 2,18 
36 ely. 2 15 38 .0 2128 6555 427 2.16 
33 14.2 15 48.1 2125 .548 423 2.14 
30 fe 2 15 58.3 120 =. 543 423 2.14 
27 20.2 15 68.4 120 .538 418 2.12 
24 23.2 15 78.6 120 .538 418 2.12 
20 OT <2 15 92.2 120 .54 420 2.13 
16 31.2 15 106 120 3.543 2423 2.14 





TABLE 15 


April 25, 1955 


Run No. 16 
ds = 26.6 microns 


Glass beads in oil 

Focal length (f) = 21" 

Weight of oil mw = 51.6 gms 
Weight of beads (w) = .0379 gems 
Position of collecting lens - 47.2" 


Kso = .00364 2 (p-p,) = 4.95 (D-D,) 


2 tt 
Aperture dia. = .105 


x I+ eR E +.¢ Do D-Do K 
36" 11.2" 25mm 22.7 O45 AY - 395 Bl. 
33 14.2 rp) 28.8 O45 44 ~395 i 
30 eee 25 34.9 O45 44 «395 we 
27 20.2 25 41.1 O45 » 44 ~395 L 
24 26).2 25 47.2 O45 AAS ae i 
20 2 IE 25 WD.a w05 5 40 8 
16 Se 25 63.5 055 0455 40 ake 
36 Like? 20 28.4 O45 oh 395 al. 
33 14.2 20 36.1 04 44 40 y. 
30 Ie, 2 20 43.7 O45 » 44 ~395 iL A 
a/ 20.2 20 PE. S O45 AAS 40 A 
a4 23.2 20 58.9 85 AS 40 Wy. 
20 27.2 20 69.1 -055 455 40 12 
16 Sl .2 20 19.2 065 465 40 i 
36 Line 15 38.0 055 AAS 39 te 
pc's) 14.2 15 48.2 .055 AAS 239 ie. 
30 UN 62 Bi 58.3 06 oA5 39 If 
27 20.2 15 66.5 065 0455 39 i 
a4 are 1S 78.6 O07 46 239 LZ 
20 27.2 15 92.3 08 AT 39 a, 
16 Slee 15 106 O09 485 ~ 395 1 





-93- 
TABLE 16 


Run No. 17 ; a 2 an 1955 
Glass beads in oil 6 microns 
Focal length (f) = 21" 

Weight of oi] (W) = 51.2 gms 

Weight of beads (w) = .0291 ems Aperture dia. =.105" 
Position of pen oan lens - 47.2" 


Kso = .00364 M (D-D,) =6.40 (D-Do) 


x f+e OR ae Dg D D-D, Kso 

36" 1132" 25mm 22.7 LO 397 297 1.90 
Ss 14.2 25 28.8 10 397 297 1.90 
30 a/.2 25 34.9 10 ~ 395 295 1.89 
27 20.2 25 To 10 ~ 395 295 1.89 
o4, 23.2 25 47.2 LO 397 297 1.90 
20 2( <2 25 55 se 10 40 30 1.92 
16 Sd ve a) 63.5 10 405 305 1.95 
36 2 20 28.4 Li AL 30 1.92 
63 14.2 20 36.1 11 Al 30 1.92 
30 ec 20 43.47 11 Al 30 1.92 
eat 20.2 20 515 aba! 41 30 1.92. 
o4 23.2 20 58.9 11 412 302 1.93 
20 alae . 20 69.1 2 42 300 1.92 
16 Sl.2 20 79.2 123 425 302 1.93. 
36 Lise 15 38.0 125 435 oe 1.98 
a 14.2 15 48.2 125 0435 Sl 1.98 
30 Wise 15 58.3 123 430 307 1.96 
a 20.2 15 68.5 23 430 307 1396 
24 25.2 15 78.6 Als ~435 305 1.95 
20 e( se 15 92.3 13 A435 305 1.95 
16 B12 fi) 106.0 14 AAS 305 1.95 
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TABLE 17 
Run No. 20 rit ao, 1Sao 
Glass Beads in oil 3 = 26.6 microns 
Focal length a = 20.3" 5 
Weight of oil (W) = 51.8 gms 


Weight of beads (w) = .033 gms Iris setting 20mm 


Position of collecting lens - 47.4" 
Aperture fitted into photocell cover and backed with frosted 


plexiglass 
Ko = .00364 E (D-D,) = 5.70 (D-D,) 
Aperture x [+c ftaic D D D-D 
(2r) R - ° Kso 

.0625" 35". m.4" 26.6 438 Reiff Se 1.89 
27 «=620.4 0 iO51..8 418 758 340 1.94 
mm a1.8 7.7 433 778 345 1.97 

~ 105 36 WW. 29.6 L45 48 Ssb 1 964 
ef; 20.4 51.6 15 49 34 1.94 
mm 34.4% 79.7 ay, 2515 345 1207, 

147 cs W.t 29.6 12 AAS 325 1.85 
ey 20.4 51.6 12° AS 5b lees 
wm 30.4 79.7 135 A475 34 1.94 

.209 5) 81.¥ 29.6 11 415 305 le 
ey 20.8 51.8 11 cabiley 307 1.75 
ie 31.4 9.7 125 435 31 6 

297 36 11.4% 29.0 18 46 28 1.59 
a7 60rdC«C@228 HSCS. 185 46 275 1.57 
i 31.% 78.7 205 TT 272 1.55 

422 36 11.4 £29.0 180 oD 23 Looe 
of @6©8@.4 8 =—i451..8 185 a7 232 1.32 
mi 2.4 7.7 205 437 232 1.32 
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TABLE 18 
Run No. 21 ae 29, 2955 
Glass Beads in oil 3 = 26.6 microns 
Feeal length (f)=20.3" 5 


Weight of oil m) = 69.2 gms Iris setting (2R)=20mm 
Weight of beads (w) = .0520 ems 

Position of collecting lens - 47.4" 

Apertures fitted into photocell cover and backed with frosted 





m plexiglass 
Kso = .00364 — (D-D,) = 4.84 (D-D,) 

Aperture x f+e f+c D D D-D K 
(2r) B oO O SO 
0400 36" ll") 202 275 ~=— 695 4o 2.03 

co tym ® FS .2 31 (a5 4O5 1.96 
ek 8623.4 8659.4 3e70Ci‘i 400 1.94 
78 29.4 74.6 335 —i«w TAB 408 1.98 
.0625 36 11.4 . 29.6 055 «ATS 4o 2.03 
So 17.4 # «8.2 065 485 ho 2.03 
ek 23.4 59.4 08 ~ 495 415 2 01 
i ao. 74.6 11 52 Th) 1¥g7 
105 326 11.4 20% 14 538 398 1.93 
SO 17.4 #£«=48.e 135 =. 535 4O 1.94 
ee 23.4 50.4 «.14 545 405 1.96 
7 29.4 H.6 £.15 56 1 1.98 
147 So 11.4 ° 28.6 135 ~=—.505 37 aw Go) 
30 17.4 . 44.2 13 .505 375 1.82 
24 23.4 59.4 14 Rol 37 1.79 
i 29.4% 78.6 15 525 Bi 1.82 
.209 s> 11.4" 29.@ O7 420 35 1.66 
30 17.4% 44.2 075 «42 345 1 sO 
24 23.4 59.4 08 425 3345 a 17 
18 29.4 74.6 085 A435 55 1.69 
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APPENDIX I 
Sample Calculations 


I. Stationary Calibration 


Determination of constants for calculation of Kso for glass 
beads. suspended in oil: 


K = 4 aVA Bo 
a ee (3) 
Substituting the equivalents: 
J oil 40/6 


lo = 2.42 gms/cc 


1 = .995 x 2.54 = 2.53cm 


in £o Ey E 
- In 10 x 108), -- = 2.3026(D-D,) 


i) 


rs, 4x ax Wx 2.42 x 2.3026 x (D-Do) 





. 2.73 aW(D-Do) 
3x 2.53 x 1.076 x w 


Ww 
For d = 26.6 microns: 

Keo = 273 + 3bb rio" a (D-De) _ . 9o34y Ww (D-D). 
For ad = 30.1 microns: 

yg = Saget We (p-p,) - 


0041 W (pD-D.) 
US 
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With these constants and experimentally observed values of W,w, 
and (D-D,), the values of K, may be easily determined. 
Dynamic Calibration - Run #5 
Mass rate of flow of beads: 
Weight of beads and container before run = 91.4 lbs 
Weight of beads and container after run = 85.0 lbs 
Time for run duration = 60 seconds 
91.4 - 85.0 
60 


Mass rate of flow of air: 


bad = .107 lbs/sec 


Pressure at nozzle throat, p, = 67.6 em Hg. 


Stagnation pressure, p, = 78.0 em Hg. 
P1/do =) 7067 
From Gas Tables at Pi/Po = .867; 

M, = .456 

A/A*® = 1.434 


Now 








(G-11) 
and To = 533° R. 
A = T7144 £t® 
Solving for W,: 
W, = .763 1b/sec 

Velocity of beads at photometer: 

(I+ a) Ne Cote Z 

wal a5 7 Pe in Vo Cp To, =O (¢-8) 


~ eee 9% coe —_sn —_ 
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The static pressure at the photometer section, 
Py=55.8 cm Hg = 1552 1b/ft@ 
and To) = 533° R. 


aos 
a/- 7/1 My 35.0 lb/sec-ft 


Solving for V, directly, V, = 593 ft/sec 
Diameter of Beads: 


Hsp © Wael 


SO i ead Sl re i 
2 AVA «2,305 (D-Do) —" 


d 
where: K,, may be assumed equal to 1.975 for the optical 
system used 
1 = diameter of test section = 2.0 inches 
A= IT in® 
fo = 2-42 gm/ec 
(D-D.)*.17 (Observed value) 
Substituting these values in equation (G-3), the diameter of 
the beads may be determined as 


qd = 21.1 microns. 
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